Numerous bacteria and mammalian cells harbor two enzymes, phosphopentomutase (PPM) and 2-deoxyribose 5-phosphate aldolase (DERA), involved in the interconversion between nucleosides and central carbon metabolism. In this study, we have examined the presence of this metabolic link in the hyperthermophilic archaeon, Thermococcus kodakaraensis KOD1. A search of the genome sequence of this strain revealed the presence of a closely related orthologue (TK2104) of bacterial DERA genes while no orthologue related to previously characterized PPM genes could be detected. Expression, purification, and characterization of the TK2104 protein product revealed that this gene actually encoded a DERA, catalyzing the reaction through a class I aldolase mechanism. As PPM activity was detected in T. kodakaraensis cells, we partially purified the protein to examine its N-terminal amino acid sequence. The sequence corresponded to a gene (TK1777) similar to phosphomannomutases within COG1109 but not COG1015, which includes all previously identified PPMs. Heterologous gene expression of TK1777 and characterization of the purified recombinant protein clearly revealed that the gene indeed encoded a PPM. Both enzyme activities could be observed in T. kodakaraensis cells under glycolytic and gluconeogenic growth conditions, whereas the addition of ribose, 2-deoxyribose, and 2-deoxynucleosides in the medium did not lead to a significant induction of these activities. Our results clearly indicate the presence of a metabolic link between pentoses and central carbon metabolism in T. kodakaraensis, providing an alternative route for pentose biosynthesis through the functions of DERA and a structurally novel PPM.
In a number of bacteria and in mammalian cells, there exists a direct metabolic link between the ribose moiety of (deoxy)nucleosides and central carbon metabolism, independent of the pentose phosphate cycle ( Fig. 1) (3, 9, 26) . Two enzymes provide this link: the phosphopentomutases (PPMs) and 2-deoxyribose 5-phosphate aldolases (DERAs). PPM isomerizes (deoxy)ribose 1-phosphate to (deoxy)ribose 5-phosphate. Subsequently, DERA cleaves the pentose phosphate to acetaldehyde and glyceraldehyde 3-phosphate, allowing further metabolism to obtain carbon and energy. The (deoxy)ribose 1-phosphate is supplied by various nucleoside phosphorylases, such as thymidine phosphorylase and purine nucleoside phosphorylase, which release the pentose moiety from (deoxy)ribonucleosides, producing (deoxy)ribose 1-phosphate. These phosphorylases are known to have a major role in the interconversion of nucleosides as well as the salvage of purine and pyrimidine bases (4, 14, 17) . Because the phosphorylases, PPM, and DERA are all reversible, the pathway in total enables both the catabolism and biosynthesis of nucleosides.
As various bacteria can grow on a variety of (deoxy)nucleosides or (deoxy)nucleotides and their derivatives as carbon and energy sources, a catabolic role of this pathway has been indicated (20, 21, 24, 26, 30) . It has been shown that an addition of these substrates to the growth medium causes an induction of these enzymes while the presence of glucose represses their expression (5, 21, 26, 30) . Moreover, examination of mutant strains of Escherichia coli lacking these proteins revealed that they failed to grow on these substrates, strongly indicating the catabolic nature of this pathway (15, 19) . On the other hand, this pathway in mammalian cells seems to play a biosynthetic role. The inhibition of DERA in these cells led to a specific inhibition of labeled purine and pyrimidine incorporation into DNA, whereas RNA and protein synthesis were not affected (9) .
While the presence of these enzymes has been identified in various bacteria and mammalian cells, very little is known about this metabolic link in the Archaea. There has been only one indication of its presence, that from a report on the DERA from Aeropyrum pernix (22) , an aerobic hyperthermophilic archaeon. However, very few archaeal genomes harbor the DERA gene. Moreover, there has been no evidence that sug-gests the presence of a PPM in the Archaea. In fact, a PPM orthologue cannot even be found on the genome of A. pernix.
Thermococcus kodakaraensis KOD1 is a hyperthermophilic archaeon isolated from a solfatara on Kodakara Island, Kagoshima, Japan (2, 18) . The strain is a strict anaerobe and grows heterotrophically on a variety of organic substrates including starch, pyruvate, amino acids, and peptides (2, 13) . Along with Pyrococcus furiosus, Pyrococcus abyssi, and Pyrococcus horikoshii, T. kodakaraensis is a member of the order Thermococcales. We have recently determined the entire genome sequence of this strain (unpublished data) and are examining the presence or absence of various metabolic pathways in this strain. In the search for candidate genes that encode the enzymes mentioned above, we observed candidate genes on the T. kodakaraensis genome that were presumed to encode thymidine phosphorylase and purine nucleoside phosphorylase. We also found a candidate gene for DERA, which could not be found on the Pyrococcus genomes. In contrast, as in the case of A. pernix, we could not identify a PPM orthologue on the genome classified in COG1015 (cluster of orthologous genes [COG] ), in which all previously known PPMs are included.
In this study, we have examined the presence of this pathway in T. kodakaraensis KOD1, focusing on the identification and characterization of PPM and DERA. By examining PPM activity in T. kodakaraensis and partially purifying the enzyme, a structurally novel PPM was identified in this strain. Biochemical characterization of the protein, along with the DERA of this strain, clearly indicate the presence of a metabolic link between central carbon metabolism and pentose biosynthesis and catabolism in T. kodakaraensis.
MATERIALS AND METHODS
Strains, plasmids, and media. T. kodakaraensis KOD1 was isolated from a solfataric hot spring on the shore of Kodakara Island, Kagoshima, Japan (2, 18) . Cells were grown in either a nutrient-rich MA-YT medium (0.48 and 2.64% of Marine Art SF agents A and B, respectively [Senju Pharmaceuticals, Osaka, Japan], 0.5% yeast extract, and 0.5% tryptone) or a minimal ASW-AA medium (23) . E. coli strain DH5␣ was used for gene cloning. E. coli strain BL21(DE3) CodonPlus-RIL (Stratagene, La Jolla, Calif.) and the vector pET-21a (Novagen, Madison, Wis.) were used for gene expression.
DNA manipulation and sequence analyses. Restriction enzymes and DNA polymerase were purchased from Toyobo (Osaka, Japan) and Takara Shuzo (Kyoto, Japan). Genomic and plasmid DNAs were isolated by using DNA isolation kits from QIAGEN (Hilden, Germany). DNA ligation reactions were performed with a DNA ligation kit (Toyobo). DNA sequencing was performed with the ABI PRISM BigDye terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, Calif.). Sequence analyses were performed by using DNASIS software (Hitachi Software, Yokohama, Japan). Database homology searches were performed by using the Basic Local Alignment Search Tool program (1) . Multiple-sequence alignment and phylogenetic analysis were performed with the ClustalW program (28) provided by the DNA Data Bank of Japan.
Partial purification of PPM activity from T. kodakaraensis. All purification steps were performed at room temperature with columns purchased from Amersham Biosciences (Little Chalfont, Buckinghamshire, United Kingdom) unless mentioned otherwise. T. kodakaraensis cells were cultivated in MA-YT medium with the addition of 0.5% soluble starch (Nacalai Tesque, Kyoto, Japan). Cells were harvested and lysed by sonication on ice water. After ultracentrifugation of the cell lysate at 110,000 ϫ g for 70 min at 4°C, the supernatant, containing the PPM activity, was loaded onto an anion-exchange column (Resource Q) which was equilibrated with buffer A (50 mM sodium phosphate buffer [pH 7.0]). Proteins were eluted with a linear gradient of 0 to 1.0 M sodium chloride. Fractions with PPM activity were dialyzed against buffer A and loaded onto a Mono Q HR 5/5 column equilibrated with buffer A. Proteins were eluted with a linear gradient of 0 to 1.0 M sodium chloride. Fractions exhibiting PPM activity were dialyzed against 2 M ammonium sulfate and applied to a hydrophobic column (Resource ISO) equilibrated with 2 M ammonium sulfate at pH 7.0. The bound proteins were eluted with a linear gradient of 2.0 to 0 M ammonium sulfate at pH 7.0. Fractions carrying PPM activity were dialyzed against buffer A and applied to a hydroxyapatite column (Bio-Scale CHT-I; Bio-Rad, Hercules, Calif.). Fractions exhibiting PPM activity were concentrated by using Centricon YM-30 (Millipore Corporation, Bedford, Mass.) and further purified with a gel filtration column (Superdex 200 HR 10/30) equilibrated with buffer A containing 150 mM sodium chloride. Protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.). N-terminal amino acid sequencing was performed with a protein sequencer (model 491 cLC; Applied Biosystems).
Expression of TK2104 and TK1777 genes in E. coli. TK2104 and TK1777 genes were amplified by PCR and inserted into pUC118. An NdeI site was introduced in the 5Ј-flanking region of the genes. After confirming the sequence, the NdeIEcoRI restriction fragment was inserted into the pET-21a expression vector at the corresponding sites. The resulting plasmids, pET-TK2104 and pET-TK1777, were introduced to E. coli strain BL21(DE3) CodonPlus-RIL. Cells were grown at 37°C in Luria-Bertani medium containing ampicillin (50 g/ml) until the optical density at 660 nm reached 0.5. Gene expression was induced by the addition of 0.2 mM (final concentration) isopropyl-␤-D-thiogalactopyranoside (IPTG), and incubation at 37°C was carried out for another 4 h.
Purification of recombinant TK2104 and TK1777. Cells were harvested by centrifugation at 6,000 ϫ g for 10 min at 4°C and washed with 50 mM bicine buffer (pH 8.0). The cell pellet was resuspended in the same buffer, and the cells were then disrupted by sonication in ice water. Soluble and insoluble fractions were separated by centrifugation (15,000 ϫ g for 30 min at 4°C). The soluble fraction containing the recombinant TK2104 or TK1777 was incubated at 85°C for 20 min and centrifuged at 15,000 ϫ g for 30 min at 4°C to remove heat-labile proteins from the host E. coli. All purification steps were performed at room temperature unless mentioned otherwise. The soluble fractions exhibiting DERA or PPM activity were partially purified with Resource Q as described above with 50 mM bicine buffer (pH 8. Enzyme activity measurements. The 2-deoxyribose 5-phosphate (dR5P) cleavage activity was routinely measured by conversion of acetaldehyde (one of the products formed by cleavage of dR5P) to ethanol by oxidation of NADH (Oriental Yeast, Tokyo, Japan) in the presence of excess alcohol dehydrogenase (Oriental Yeast). To determine the enzyme activity at a higher temperature, a discontinuous enzyme assay was adopted. The assay mixture (200 l) containing 20 mM sodium citrate buffer (pH 4.0) (Nacalai), 1 mM EDTA (Nacalai), and 10 mM dR5P (Sigma, St. Louis, Mo.) was preincubated at the respective temperature for 1 min, and the reaction was initiated by the addition of enzyme. After incubation for 1 min, the reaction was stopped in ice water, and the pH was adjusted to 8.0 with 100 l of 1 M Tris-HCl. Following this, 0.4 mM NADH and 2 U of alcohol dehydrogenase were added, and the final volume was adjusted to 1 ml. After incubation at 25°C for 3 min, the decrease in absorbance at 340 nm was measured with an Ultrospec 3000 spectrophotometer (Amersham Biosciences). Product formation was proportional to the incubation time under these conditions. When the effect of pH on the enzyme activity was examined, all buffers were prepared so that their pHs would reflect accurate values at 95°C. To measure aldolase activity for other substrates, the first reaction was the same as described above. For the coupling reaction, 0.4 mM NADH, 2 U of triosephosphate isomerase (Sigma), and 2 U of glycerol 3-phosphate dehydrogenase (Sigma) were added and the mixture was incubated at 25°C for 3 min, followed by measurement of the decrease in absorbance at 340 nm.
For PPM activity, 2-deoxyribose 1-phosphate (dR1P) (Sigma) was used as a substrate. The initial assay mixture contained 25 mM Tris-HCl, 10 mM MgCl 2 , 50 M glucose 1,6-bisphosphate (Sigma), 5 mM dR1P, and 2 g of enzyme in a final volume of 200 l. After incubation, enzymes were removed by ultrafiltration with Microcon YM-10 (Millipore), and a second reaction was performed by adding 20 l of 1 M sodium citrate (Nacalai) and 15 g of purified DERA of this strain (DERA Tk ) (see below). After incubation at 75°C for 5 min, the reaction was stopped by cooling on ice. Acetaldehyde was quantified with alcohol dehydrogenase as described above. The amount of dR5P was calculated from the amount of acetaldehyde by using the equilibrium constant of DERA Tk obtained from control experiments with various concentrations of dR5P.
For phosphoglucomutase activity, formation of glucose 6-phosphate from glucose 1-phosphate was measured in a discontinuous assay. The initial reaction mixture (200 l) consisted of 100 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 50 M glucose 1,6-bisphosphate (Sigma), 5 mM glucose 1-phosphate (Sigma), and 1 g of purified enzyme. The coupling reaction was performed by adding 800 l of water, 0.5 mM NADP, and 2 U of glucose 6-phosphate dehydrogenase, and the absorbance was measured at 340 nm after incubation at 25°C for 3 min. Phosphofructose mutase activity was measured in a similar manner with the presence of an additional 2 U of phosphoglucose isomerase (Sigma) in the coupling reaction mixture. Phosphomannomutase activity was examined with the addition of 2 U of phosphomannose isomerase (Sigma) and 2 U of phosphoglucose isomerase in the coupling reaction mixture. To examine phosphoglucosamine mutase activity, glucosamine 1-phosphate (Sigma) was used as a substrate. The product glucosamine 6-phosphate was quantitatively converted to 6-phosphogluconate via fructose 6-phosphate and glucose 6-phosphate in the presence of glucosamine 6-phosphate deaminase (from this strain) (unpublished data), phosphoglucose isomerase, and glucose 6-phosphate dehydrogenase. The assay mixture contained 100 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 50 M glucose 1,6-bisphosphate, 5 mM glucosamine 1-phosphate (Sigma), 2 U of glucosamine 6-phosphate deaminase, and 1 g of purified enzyme in a final volume of 200 l. The coupling reaction was initiated by the addition of 0.5 mM NADP, 2 U of phosphoglucose isomerase, and 2 U of glucose 6-phosphate dehydrogenase. After incubation at 25°C for 3 min, the formation of NADPH was measured at 340 nm. Phosphoacetylglucosamine mutase activity was measured as described elsewhere (11) . Concerning phosphoglycerate mutase activity, the first reaction mixture contained 100 mM Tris-HCl, 10 mM MgCl 2 , 50 M 2,3-diphosphoglycerate, 5 mM 3-phosphoglycerate, 1 mM ADP, and 2 g of purified enzyme in a final volume of 200 l. The coupling reaction was initiated by the addition 0.5 mM NADH and 2 U each of enolase (Sigma), pyruvate kinase (Sigma), and lactate dehydrogenase (Sigma). After 3 min of incubation at 25°C, the decrease in NADH was measured at 340 nm.
Gene nomenclature. The locus numbers used in this study are based on the present draft of annotation for the genome of T. kodakaraensis.
Nucleotide sequence accession number. The nucleotide sequence data for the TK2104 and TK1777 genes reported in this paper will appear in the DDBJ, EMBL, and GenBank DNA databases under the accession numbers AB092961 and AB126239, respectively.
RESULTS
Identification of candidate genes on the T. kodakaraensis genome encoding PPM and DERA. First, we searched the T. kodakaraensis genome for candidate genes encoding PPM and DERA. The two activities would provide a metabolic link between the ribose moieties of nucleosides and central carbon metabolism (Fig. 1) . One open reading frame (TK2104) was found whose translated product was similar to known DERA proteins classified in COG0274. TK2104 encoded a protein of 224 amino acids with a molecular mass of 24,504 Da, and the deduced sequence displayed 57, 42, 33, and 32% identity to the enzymes from Bacillus subtilis (P39121), A. pernix (D72474), Salmonella enterica serovar Typhimurium (AAL23382), and E. coli (P00882), respectively. The residues essential for catalytic activity in DERA from E. coli K167, K201, and D102 (numbering according to the E. coli sequence) (10) were completely conserved in the TK2104 protein. In contrast, we could not find any orthologues related to the known bacterial PPMs (COG1015). On the other hand, we observed the presence of four open reading frames encoding proteins homologous to known phosphomannomutases and phosphoglucomutases classified in COG1109.
Heterologous gene expression of TK2104 and characterization of the recombinant protein. To characterize the protein product of TK2104 and to determine whether the enzyme was a true DERA, we expressed the gene in E. coli. The recombinant protein was purified to apparent homogeneity by heat treatment at 85°C for 20 min followed by anion-exchange and gel filtration chromatographies (Fig. 2, lane 2) . The molecular mass of recombinant TK2104 estimated by SDS-PAGE agreed with that calculated from the deduced amino acid sequence. Furthermore, the N-terminal 10 amino acid residues of the purified protein were identical to the deduced amino acid sequence of the gene, confirming that we had obtained the Examination of DERA activity. The purified protein was dialyzed against 50 mM bicine buffer (pH 8.0) containing 10 mM EDTA and used for further analysis. The dR5P cleavage activity was assayed by measuring the production of acetaldehyde with alcohol dehydrogenase or by measuring the production of glyceraldehyde 3-phosphate with triosephosphate isomerase and glycerophosphate dehydrogenase. The purified protein proved to exhibit significant DERA activity (see below) in both systems and was therefore designated DERA Tk .
We examined the effect of temperature and pH on DERA activity. The enzyme displayed maximal activity at pH 4.0, and the optimal temperature was 95°C (Fig. 3A) . As in the case of other aldolases (12, 29) , the presence of citrate was found to enhance the activity of DERA Tk . Activities were much higher in citrate buffer than those observed in acetate buffers at equivalent pH, with a 2.8-fold activation at the optimal pH of 4.0 (data not shown). The specific activity of DERA Tk under optimal conditions was 285 Ϯ 5 mol min Ϫ1 mg Ϫ1 . The thermostability of the recombinant protein was examined at pH 4.0 and 7.0. The enzyme retained over 80% of its activity after 120 min at 90°C. The half-life of the enzyme was 40 min in boiling water at pH 7.0 while it was 20 min at pH 4.0. Kinetic analysis was also carried out, and the enzyme catalyzed the cleavage reaction following Michaelis-Menten kinetics with a K m value of 0.81 Ϯ 0.07 mM toward dR5P, and a k cat value of 116 Ϯ 4 s Ϫ1 subunit Ϫ1 at 95°C (Table 1) .
Effects of NaBH 4 , EDTA, and metal cations on DERA Tk . Class I aldolases form a Schiff base intermediate between an active-site lysine residue and the carbonyl group of the donor substrate (6), while class II enzymes utilize divalent metal cations (16) . The former group of aldolases is known to be inhibited by the addition of NaBH 4 , whereas the latter group is inhibited by EDTA (27) . The primary sequence of DERA Tk indicated that the enzyme was a class I aldolase. Purified DERA Tk was treated with NaBH 4 (100 mM) in the presence and absence of dR5P (30 mM). As expected, 98 and 52% of cleavage activity was abolished after treatment with NaBH 4 (20 h at 4°C) in the presence and absence of dR5P, respectively. In contrast, no inhibitory effects were observed with the addition of EDTA at 10 mM, confirming that DERA Tk was a class I aldolase.
We further examined the effects of divalent metal cations on the enzyme activity. No notable effects were observed when Mg 2ϩ , Ca 2ϩ , and Mn 2ϩ were present in the reaction mixture at a concentration of 1 mM. The presence of 1 mM Zn 2ϩ led to a slight decrease (35%) in enzyme activity (data not shown). The results indicate that the activity of DERA Tk is independent of divalent metal cations.
Substrate specificity of DERA Tk . We examined whether DERA Tk was specific toward the substrate dR5P. Enzyme activities toward the following substrates were investigated: 2-deoxyribose, ribose 5-phosphate, arabinose 5-phosphate, fructose 1,6-bisphosphate, and fructose 6-phosphate. We observed aldolase activity only with the substrate dR5P, indicating that DERA Tk was a true archaeal DERA with strict substrate specificity.
Partial purification of PPM of T. kodakaraensis. As T. kodakaraensis was found to harbor a DERA, we further examined the presence of PPM. As mentioned above, the genome sequence did not indicate the presence of a PPM gene. We therefore analyzed the enzyme activity in the cell extracts of T. kodakaraensis. With a coupled assay using DERA Tk , we were able to detect significant levels of PPM activity in the cell extract of starch-grown cells. The PPM was purified 14-fold by anion-exchange, hydrophobic, hydroxyapatite, and gel filtration column chromatographies. A 50-kDa protein was found to correspond well with the results of activity measurements a Activity measurements for DERA Tk and PPM Tk were performed at 95 and 90°C, respectively. through each purification step. When we analyzed the N-terminal sequence of the protein band, we obtained the sequence X-Arg-Leu-Phe-Gly-X-Ala, which corresponds to the sequence found in TK1777 (Met-Arg-Leu-Phe-Gly-Thr-Ala), one of the four orthologues related to phosphomannomutase and phosphoglucomutase.
Gene expression of TK1777 and purification of recombinant protein. To elucidate the enzymatic activity of the TK1777 protein, we expressed the gene in E. coli and purified the recombinant protein. High levels of recombinant protein were obtained in a soluble form, and purification was performed by heat treatment, anion-exchange, hydrophobic, and gel filtration chromatographies (Fig. 2, lane 1) . The N-terminal amino acid sequence of the purified recombinant protein was determined and was found to correspond to that of the deduced sequence from the TK1777 gene. Gel filtration chromatography indicated that the molecular mass of the purified protein was approximately 210 kDa, indicating a tetrameric assembly.
Substrate specificity of recombinant TK1777 protein. Using the purified recombinant protein, we measured the PPM activity of the TK1777 protein by using the substrate dR1P. We also measured mutase activities with various phosphorylated substrates. The substrates were glucose 1-phosphate, mannose 1-phosphate, fructose 1-phosphate, N-acetylglucosamine 1-phosphate, glucosamine 1-phosphate, and 3-phosphoglycerate. Mutase activity towards these substrates was examined at a concentration of 5 mM. The TK1777 protein exhibited a significant level of mutase activity towards dR1P (210 mol min Ϫ1 mg Ϫ1 ). Among the other substrates, we found trace levels of activity with glucose 1-phosphate and mannose 1-phosphate. Even when the concentration of glucose 1-phosphate was increased to 30 mM, we could only detect activity levels of approximately 3 mol min Ϫ1 mg Ϫ1 , much lower than that towards dR1P. The enzyme also displayed trace activity towards glucosamine 1-phosphate (0.2 mol min Ϫ1 mg Ϫ1 ). No mutase activity was detected with fructose 1-phosphate, Nacetylglucosamine 1-phosphate, and 3-phosphoglycerate. Taking into account the substrate specificity of the protein, we designated the TK1777 protein product PPM Tk .
Effect of metal cations, pH, and temperature on enzyme activity. Purified PPM Tk was dialyzed against 25 mM Tris-HCl buffer (pH 8.0) containing 5 mM EDTA and used for further analysis. Activity measurements were performed in a linked assay coupled with DERA and alcohol dehydrogenase. In the absence of metal ions, PPM Tk did not display PPM activity, indicating that the activity was dependent on metal ions. At a concentration of 1 mM, the presence of Mg 2ϩ led to the highest levels of enzyme activity (Fig. 3C) . Besides Mg 2ϩ , we also found that Ni 2ϩ (70%), Mn 2ϩ (50%), and Zn 2ϩ (45%) could support PPM activity, although to a lower extent.
We examined the effect of pH and temperature on PPM activity. At a fixed temperature of 90°C, PPM Tk displayed maximal activity at pH 7.5. Under our assay methods, PPM Tk displayed maximum activity at 90°C (Fig. 3B) , with a specific activity of 210 Ϯ 10 mol min Ϫ1 mg Ϫ1 . The half-life of the recombinant protein at 100°C was 90 min. We also carried out kinetic analysis of the PPM activity and found that the reaction followed Michaelis-Menten kinetics with the kinetic parameters shown in Table 1 .
DERA and PPM activities in T. kodakaraensis KOD1. Cell growth of T. kodakaraensis in the nutrient-rich MA-YT medium strictly requires the presence of elemental sulfur (S 0 ) (2). However, in the presence of pyruvate or starch, T. kodakaraensis actively utilizes these substrates as carbon and energy sources, and the requirement for S 0 is relieved (2). We inoculated T. kodakaraensis cells in MA-YT medium (without S 0 ) supplemented with sodium pyruvate (0.2%), starch (0.2%), ribose (0.2%), deoxyribose (0.2%), or a mixture of 2Ј-deoxyguanosine and 2Ј-deoxycytidine (0.1% each). While rapid cell growth and high cell yields were observed in the presence of pyruvate or starch, no cell growth was observed with the other substrates.
We next grew T. kodakaraensis cells in a synthetic, minimal ASW-AA medium based on amino acids (23) . In the presence of S 0 , this medium meets the minimal demands for cell growth. To the ASW-AA medium with S 0 , we added sodium pyruvate, starch, ribose, deoxyribose, or a mixture of 2Ј-deoxyguanosine and 2Ј-deoxycytidine at concentrations described above. Compared to the ASW-AA medium without supplementation of any substrate, we detected an increase in DERA and PPM activities when pyruvate (a gluconeogenic substrate) or starch (a glycolytic substrate) was present in the medium, with slightly higher levels observed with pyruvate (Table 2) . Although bacterial DERA and PPM activities have been reported to be highly induced in the presence of deoxyribose, ribonucleosides, or exogenous DNA (5, 21, 26, 30) , we could only detect slight increases of DERA and PPM activities in T. kodakaraensis, which were lower than those observed in cells grown with pyruvate or starch ( Table 2) .
DISCUSSION
In this study, we have detected PPM and DERA activities in the cells of the hyperthermophilic archaeon T. kodakaraensis and have identified the genes responsible for these activities. In particular, the PPM of T. kodakaraensis was a structurally novel enzyme, previously annotated as a phosphomannomutase in COG1109. The results clearly indicate a metabolic link between the ribose moiety of nucleosides and the glycolytic pathway in T. kodakaraensis. As we have also detected orthologues of various nucleoside phosphorylases on the T. kodakaraensis genome (unpublished data), the chances are high that nucleoside metabolism is also linked to central carbon metabolism via this pathway in this strain.
At present, we cannot conclude the physiological role of this Growth experiments indicated that T. kodakaraensis could not utilize ribose, 2-deoxyribose, or nucleosides as carbon and energy sources. Further, the addition of ribose, 2-deoxyribose, or nucleosides to a minimal medium did not lead to a high induction of PPM Tk and DERA Tk . These results suggest that T. kodakaraensis cannot assimilate these pentose compounds, possibly due to the incapability to uptake these compounds into the cells. Therefore, a biosynthetic role of these enzymes in generating pentoses can be postulated. The pathways involved in pentose biosynthesis and degradation are not well known in hyperthermophilic archaea (8, 31) . The usual pathway found in bacteria and eukaryotes is the pentose phosphate pathway, consisting of an oxidative branch and a nonoxidative branch. The oxidative branch, with enzymes such as glucose 6-phosphate dehydrogenase and gluconate 6-phosphate dehydrogenase, generates pentoses from hexoses. However, genes encoding these key enzymes have not been identified on the genomes of hyperthermophilic archaea (31), including T. kodakaraensis. Concerning the nonoxidative branch, genes presumed to encode several enzymes of this branch have been found in various hyperthermophilic archaea, including transketolase, ribose 5-phosphate isomerase, and ribulose 5-phosphate 3-epimerase (31) , implying that this branch may be responsible for pentose biosynthesis in these organisms. DNA microarray analysis in P. furiosus supports this presumption, as two genes corresponding to subunits of putative transketolases, along with genes involved in histidine and aromatic amino acid synthesis, are up-regulated on maltosebased medium compared to peptide-based medium (25) . Ribose 5-phosphate is a precursor for the synthesis of these amino acids, and a coinciding induction of these genes suggests that the transketolases are involved in providing the pentose precursor. As these orthologues are commonly observed on the T. kodakaraensis genome, the same mechanism may also be utilized in this strain. However, the results of this study have indicated that, at least in this organism, there exists an additional pathway capable of producing pentoses from C 2 and C 3 carbon compounds.
The PPM of T. kodakaraensis was a structurally novel enzyme and belonged to COG1109, and not COG1015, in which most bacterial PPMs are included. This implies that some of the proteins within COG1109 that have previously been annotated as phosphomannomutases or related phosphohexomutases in various genome sequences may indeed be PPMs. Sequence alignment of various phosphohexomutases and the structure of phosphoglucomutase from rabbits (7) reveal three conserved sequence motifs that are necessary for enzyme activity (32) . The sequence TXSHNP contains the active-site serine residue, the DXDXDR motif is involved in metal binding, and the sequence GEXS participates in sugar binding. Interestingly, although the first two motifs are found in PPM Tk , the third motif involved in substrate binding is absent. This may reflect the similar enzyme (mutase) activities and the distinct substrate specificities of the phosphohexomutases and PPMs.
We also examined the presence of PPM and DERA in other archaeal strains. A database search of sequences from hyper- a Sequences with high similarity to the DERA, PPM, thymidine phosphorylase, and purine nucleoside phosphorylase of E. coli were examined. Locus names are indicated when orthologue genes were found in the genome sequences. The absence of orthologues is indicated by Ϫ. The presence of orthologues in T. kodakaraensis is indicated by ϩ.
b Enzyme activity was confirmed in this study. c A novel PPM was identified in this study.
thermophilic archaea reveals the presence of more than one gene that is annotated as a phosphomannomutase on each genome. For example, P. furiosus, P. abyssi, and P. horikoshii have three orthologues of COG1109, whereas two are found on the Methanococcus jannaschii and A. pernix genomes. Similarly, the T. kodakaraensis genome harbors four open reading frames, including TK1777. Among the four orthologues in T. kodakaraensis, three were very closely related to those of the Pyrococcus strains, enabling us to distinguish the corresponding genes in each organism. Interestingly, TK1777 proved to be the unique orthologue present only in T. kodakaraensis and not in the Pyrococcus species. In terms of DERA, we found that very few genomes of hyperthermophilic archaea harbor a DERA orthologue and were found only in A. pernix and Pyrobaculum aerophilum (Table 3 ). Orthologues were found in some moderately thermophilic archaea, including Methanobacterium thermoautotrophicum and Thermoplasma strains. None was found in the closely related Pyrococcus genomes, consistent with the absence of the PPM gene in these strains. This observation and the relatively rare presence of DERA genes suggest that the pathway found in T. kodakaraensis may not be widely distributed among (hyperthermophilic) archaea. At this stage, we cannot determine whether the genes noted as phosphomannomutases in P. aerophilum and A. pernix correspond to the PPM identified in this study. However, we would like to note that among the two orthologues in A. pernix, APE2433 displays significantly higher similarity to PPM Tk than the other orthologue, APE0317. Experimental analyses of PPM and DERA in other hyperthermophilic organisms will help to determine the distribution of this pathway as well as to better understand pentose biosynthesis in the Archaea. Another important point that needs to be clarified is the specific function(s) of the multiple phosphomannomutase orthologues found in the various genomes of hyperthermophilic archaea.
